Objective: To elaborate the diagnostic methods used as "gold standard" in one of the most common glycogen storage diseases (GSDs), Tarui disease (GSDVII).
Muscle phosphofructokinase (PFKM) deficiency (glycogen storage disease [GSD] VII, Online Mendelian Inheritance in Man #232800, or Tarui disease) is an autosomal recessive disorder characterized by exercise-induced muscle weakness, pain, cramping, myoglobinuria, and hemolysis. [1] [2] [3] [4] Besides the classic phenotype, 3 additional forms of the disease have been reported: a severe infantile form with hypotonia, progressive myopathy, cardiomyopathy, respiratory failure, and early death; a late-onset form with fixed proximal weakness; and a form with hemolytic anemia without muscle symptoms. 4 The defective enzyme, phosphofructo-1-kinase (PFK, E.C. 2.7.1.11), is a tetrameric enzyme composed of 3 subunits-muscle (M), liver (L), and platelet (P)-encoded by different genes. PFK is responsible for catalyzing the phosphorylation of fructose 6-phosphate to fructose 1,6-bisphosphate, which is considered to be one of the rate-limiting steps of glycolysis. In skeletal muscle, only the homotetramer M is expressed, making muscle solely dependent on the function of PFKM in utilization of glucose. In blood erythrocytes, however, 5 different tetramers of PFKM and PFKL are present. Accordingly, patients with GSDVII usually show severe reduction of enzyme activity in their skeletal muscle tissue and partial deficiency in blood erythrocytes. 2 We describe 2 siblings with the classic phenotype of GSDVII but with normal muscle biopsy enzyme histochemistry for myophosphorylase and phosphofructokinase repeated in 2 different laboratories. However, a homozygous PFKM gene mutation, R39Q, was identified in both siblings by whole-exome sequencing (WES), suggesting that GSDVII cannot be excluded by normal enzyme histochemistry.
METHODS Patients. The male patient, P1, was the oldest of 5 siblings. His younger sister, P2, had been investigated previously due to similar symptoms, but other family members were healthy. No family history of consanguinity was evident. Both patients had normal motor development and milestones and normal exercise tolerability in childhood. Exercise-related symptoms started in the early teens. Thorough investigations in adulthood included clinical examination, electroneuromyography, muscle MRI, exercise tests, muscle biopsy, and laboratory investigations.
Standard protocol approvals, registrations, and patient consents. Blood samples were taken from patients in accordance with the Declaration of Helsinki after informed consent was obtained. Molecular genetic studies. Total DNA was extracted from peripheral blood leukocytes by standard methods. The NimbleGen Sequence Capture 2.1 M Human Exome v2.0 array was used, and sequencing was performed on an Illumina Genome Analyzer-IIx platform using 2 3 82 bp paired-end reads. Sequence alignment to the hg19 assembly was done according to the variant calling pipeline developed by the Finnish Institute for Molecular Medicine. 5 The procedure yielded 603 and 443 mean target coverage in P1 and P2, respectively. Sanger sequencing of exon 2 of the PFKM gene was done using the oligonucleotide primers 59-CGCCTTTTCTTAGGAGCAAC-39 and 59-GGTCCCACCATCACTATTGG-39.
RESULTS
Patients. P1 was healthy until age 12, when strong attacks of muscle pain, weakness, cramping, and vomiting occurred rapidly during strenuous exercise. Muscle pain lasted several days after exercise. He was never hospitalized due to these attacks, but he began to avoid intensive exercise. He could walk 10 km at his own pace but could not run. Examinations at age 58 revealed mild muscle weakness in hip flexors and extensors and ankle flexors and extensors on the right side, mild reticulocytosis without anemia, and normal EMG. Measured creatine kinase (CK) values were normal or somewhat elevated to a maximum of 580 U/L at rest (normal CK values 40-280 U/L). There was very mild fatty infiltration in both soleus and peroneal muscles on MRI.
P2 developed the first manifestations of exercise intolerance at age 10, with frequent attacks of muscle pain and cramps after physical exercise causing nausea, vomiting, weakness, and fatigue. Symptoms gradually increased and limited her daily activities after age 35. She could walk 5 km at a slow pace. Examinations at age 46 showed mild proximal upper limb weakness. CK levels varied between normal and 8,000 U/L after exercise. EMG of P2 done at the age of 51 years showed small polyphasic motor unit potentials in proximal muscles deltoideus, biceps brachii, gluteus medius, and vastus lateralis, and to a lesser extent gastrocnemius medialis, consistent with myopathic changes. Fibrillations or repetitive discharges were not detected in any of the investigated muscles. Repetitive nerve stimulation was also performed in order to exclude myasthenia gravis and showed normal results. There were no fatty degenerative changes on muscle MRI, although muscle volume was clearly reduced in all muscle groups.
Blood lactate levels did not increase during exercise tests in either sibling, and P2 developed typical symptoms of weakness, pain, and nausea after the test. Cardiac evaluation showed normal heart function in both patients.
Muscle biopsy and enzymatic studies. Mild myopathic changes were observed in both patients' samples. In P1, muscle biopsy from left tibialis anterior was consistent with increased fiber size variation, ring fibers, and slight endomysial fibrosis. Subsarcolemmal clear blebs in hematoxylin and eosin staining with enhanced periodic acid-Schiff (PAS) positivity could be observed ( figure 1, A and B) , but the histochemical phosphofructokinase activity was preserved ( figure 1C ). In addition, occasional cytochrome c oxidase-negative fibers occurred ( figure 1D ), but no additional evidence indicative of mitochondrial etiology was noted. In semithin sections, the subsarcolemmal blebs were also evident ( figure 1E ). On EM, a definite accumulation of nonlysosomal glycogen correlated with the light microscopic observations. In P2's muscle biopsy, PAS-positive polyglucosan accumulates were found as well as some rimmed vacuoles. These accumulations were positive for PFKM, desmin, ubiquitin, VCP, LC3b, and p62 (figure 2) but were negative for myotilin. Accumulation of p62 and the autophagosome marker LC3b have been used to indicate abnormalities in the autophagic degradation pathways, and VCP is involved in proteasome-autophagy crosstalk and is a core component in endoplasmic reticulum-associated protein degradation. 6 Due to sampling, the polyglucosan accumulates in the few fibers were not found in the material obtained for ultrastructural studies, as was the case in the biopsy of P1.
In contrast to muscle biopsy histochemical staining, biochemical assessment showed severely reduced enzyme activity of phosphofructokinase in muscle tissue: 71 and 82 nmol/h/mg (normal range 1,844-5,328 nmol/h/mg) in the siblings, thus approximately 3%-4% of normal low activity. Molecular genetic studies. Our patients' family history suggested a gene defect with recessive inheritance. Therefore, WES data were filtered for homozygous and compound heterozygous variants that were shared by the patients. The analysis revealed a homozygous c.329G/A nucleotide change in the PFKM gene (RefSeq: NM_001166686.1) in both patients (figure 3) leading to a p.R39Q change in the protein, confirmed by Sanger sequencing. No other diseasecausing variants were detected in other genes participating in glycogen metabolism. Analysis of single nucleotide polymorphisms upstream and downstream of the variant showed that the patients were homozygous for a haplotype extending at least 5.6 Mb between the markers rs4140756 and rs10876138 on chromosome 12.
DISCUSSION In addition to clinical symptoms, the diagnosis of GSD is based on muscle pathology and exercise testing. We show here the results of 2 siblings with GSDVII and formation of polyglucosan accumulates with complex protein admixture on muscle biopsy but with normal PFK enzyme histochemistry.
The clinical manifestation in both patients was consistent with the classic form of GSDVII. 4 Muscle pathology with glycogen storage, as well as exercise tests with no rise in lactate levels, were also suggestive of GSD. Molecular genetics identified a homozygous mutation, p.R39Q, in exon 4 of the PFKM gene. Previously, different mutations affecting the same position have described that result in transformation of arginine to either proline in homozygous state 7 or alanine in compound heterozygous state. 2 The Arg at position 39 is conserved in evolution and predicted to be part of the substrate binding site. 8 In line, the p.R39Q mutation inactivates the enzyme to a 3%-4% residual activity, thus confirming GSDVII diagnosis in our patients. Immunohistochemical studies with phosphofructokinase antibody showed normal protein expression, indicating that the missense mutation does not reduce the overall protein amount but severely reduces its enzyme activity.
Some of the GSDs, including GSDVII, are characterized by accumulation of polyglucosan bodies in addition to normal glycogen. [9] [10] [11] Polyglucosan bodies are formed by the increased activation of the enzyme glycogen synthase, which is induced by the accumulation of redundant glucose-6-phosphate upstream in the glycolysis chain resulting from PFKM defect and the block in glycolysis. [9] [10] [11] Immunohistochemical stainings revealed that the PAS-positive polyglucosan in P2's biopsy also labeled ubiquitin, p62, VCP, desmin, and LC3b but was negative for myotilin. The lack of myotilin in the polyglucosan suggests that the formation is a selective process in which structural sarcomeric proteins are not involved. However, ubiquitinated proteins labeled for degradation and activated autophagic response are apparently involved in this accumulation process, which has not been previously detailed in the GSDs. Our results indicate that conventional enzyme histochemistry previously used as "gold standard" for the diagnosis of GSDVII should be interpreted with caution. Instead, biochemical enzyme activity measurements and molecular genetics are recommended as the definite testing modalities for patients with clinical suspicion of this disease. 
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